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biaxially stretched films with evaporated aluminum electrodes. The highest 
activities were obtained by poling at the highest fields and poling to 
breakdown. A pyroelectric activity of 36 uCK~!m~2 was measured two weeks 
after poling with a nominal field of 550 MVm7! for a nominal poling time 

of 10 s (reduced by multiple breakdown). The highest activity obtained 
with no apparent breakdown (31 uCK-!m-*) was measured a week after poling 
with a field of 400 MVm-! for 10 s. These values are comparable with the 
highest that have been reported for this material using any poling temp- 
erature or using corona poling. 
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INTRODUCTION 
Many authors have sought, with varying degrees of success, to account for 


the pyroelectric and piezoelectric properties of poly(vinylidene fluoride) (PVDF). 


| In the recent model by Broadhurst, et al!, these properties are directly propor- 


tional to remnant polarization. The achievement of a given degree of polarization, 


| however, depends in a complex way, not yet understood, upon a number of variables 


associated with the poling process. Optimization of this process to achieve 
pyroelectric and piezoelectric activities that are both large and stable are 
therefore entirely empirical at this time. 

One of the major obstacles in the development of poling techniques has beer 
a strong tendency toward generalization based upon inadequate data. In particular, 
the following eratenents have in the past been commonly accepted: 


o 


1) An elevated temperature during poling is essential for high activity. 

2) Poling is virtually complete after about 30 minutes. 

3) Because form II ‘y-phase) crystalites are not polar they therefore 
Cannot contribute to pyroelectric or piezoelectric activity. 

4) "... breakdown 97 electroded samples occurs at room temperature before 
fields high enough to pole the material can be reached." 

The "traditional" requirement of an elevated poling temperature has been 
largely demolished sy the success of corona poling.*°*? Early studies*~® of the 
effect of poling time seemed to indicate a saturation of activity with time after 
30 minutes or so, but Blevin” has shown how activity continues to increase (at 
100 MVm~!) over a long period, with faster poling rates at higher temperature. 
X-ray studies> of corona poled PVDF have indicated that form II (a-phase) crystal- 


ites can be converted to a polar form, since the molecular chain does have a 


| dipole moment. That fully-electroded PVDF can be "conventionally" poled to high 


activity at room temperature was first reported, to our knowledge, by Sharp and ~ 
Garn8 who obtained 25 uwCK~!m-2 with a field of 300 MVm™! (in 6-yum biaxially oriented 
PVDF with nichrome electrodes). A fuller exploration of the room temperature poling 


of fully-electroded samples is reported here. 
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PROCEDURES 

Initial attempts to increase the pyroelectric and piezoelectric activity of 
PVDF made apparent the importance of electrical breakdown as the limiting factor. 
Flashover to the walls of a brass sample cell used for elevated temperature poling, 
and large thermal inertia of the cell, were experimental difficulties which were 
eliminated with room temperature poling, for which no cell was needed. Large 
unelectroded margins of PVDF around the electrodes, to prevent edge flashovers, 
and the use of grease or 011 over and around the electrodes, permitted very high 
voltages to be applied, resulting in Rater pyrociec brie and piezoelectric activity 
than was generally cbhtained by elevated temperature poling. Beaanacun however, 
appeared erratic, making difficult the achievement of high activity in undamaged 
samples. It became apparent that the breakdown at a given voltage depended on 
the time of application of that voltage, so a study was made of time-to-breakdcwn 
as a function of field. 

Circular electrodes, generally aluminum 100 nm (1000 R) thick and 37 mm ia 
diameter, were vacuun deposited by evaporation onto 25 um (nominal) films of 
biaxially stretched (blow molded, as supplied) "capacitor grade" PVDF from Kuresha 
Chemical Co., Ltd.* A large "tab" extension of each electrode allowed tinfoil 
leads to be attached with silver-filled rubber cement. Orientation of the tas 
180° apart kept them out of the field, so that se'f-healing of the electrodes 
by evaporation of the aluminum during breakdown would not be inhibited by the 
attached leads. 

A grounded guard ring, 136 mm inner diameter, was applied to the film around 
one electrode in order to intercept surface leakage. One electrode was connected 
to ground via a combination current and charge meter (designed for this work to 


have very low drift) which drove a dual-channel chart recorder. 


*Identification of a commercial product is made only to facilitate experimental 


reproducibility and does not imply endorsement by NBS. 
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To avoid instanteneous sample breakdown initiated by external flashover, it be- 
came necessary to immerse the samples in a light paraffin oi] (Saybolt viscosity 125/135) 
when poling at high fields. The samples were later cleaned with methanol. 
Following the breakdown study, other samples were poled with a wide range of 
fields for specific lengths of time using a microprocessor-type controller to 
program the poling voitage Source. As one second was the minimum ramp time for 
this controller, the shortest poling time used was ten seconds at the nominal 


(constant) field. A different sample was used for each combination of poling time 


) and field. Pyroelectric specimens of 28 mm diameter were punched from the poled 


| samples and stored within folded tinfoil prior to their measurement between 7 anc 


14 days after poling. When breakdowns occured, they almost invaribly took place 


_ at the edges of the electrodes, except after many breakdowns (when damage pro- 


gressed inward). The smaller diameter of the punched area, therefore, allowed 


the areas damaged by breakdown to be excluded from measurements. The pyroelectric 


_ activity of the punched specimens was determined hy measuring the (reversible) 


Current resulting from ramping the sample temperature over a range of about two 
kelvin at close to room temperature, as described by Broadhurst, et al.? A small 


irreversible component of sample current was compensated for by measuring curren“s 


| for both increasing and decreasing temperatures and taking the difference between 


| these at the same temperature. The assumption that the small temperature cycle 


did not alter the, irreversible current was verified by comparing the pre-cycling 
and post-cycling currents of several samples at the same steady temperature. 


Previous to these measurements a number of samples, poled at room temperature 


| at 100 MVm-! and 200 MVm™!, had been measured for pyroelectric activity using the 


Same current amplifier and also using a low-drift charge amplifier. These samples 
were also measured? for hydrostatic piezoelectric activity in the same sample cell, 
using the charge amplifier, with the cell temperature monitored to permit a 


Correction for pyroelectric charge. 


vortzal? Temetae vd 


vez) Tho wr 15750 a tte ie 
; 4¥ im a =f 
tw bensels -verel sve zslons2 of 


tat) estqase ysid0 bude Mm 
ovate 6 pray ante +0 ‘ae 
mo 2A |, s9UOe vesston wt 


: 03.4 
ont fog jandnona on is. 
slome snstetttb A 


tc angme seas atya3elee 
4% ‘¢ rt he . hy Fit ntthw b | 
1482" J naib ~~ ; 


sd oF nwobdeand vd. bags 
' ; * +7 9mr FAQ 2 


antqmey my 


7 ite 
p2 WO at nswiD | sail 

vzsen seand. ata 

2d bad ofa OOS Bh 
Pay bails a 


arg 


-5- 


RESULTS 
As time did not permit the measurement of piezoelectric activity for most 
samples, it is useful to have a conversion factor between the pyroelectric 


coefficient, Py> and hydrostatic piezoelectric coefficient, d., for this partic- 


p? 
ular material, poled and measured at room temperature. As shown by figure 1, 
the ratio of d, to Py is quite consistent to within the precision of measurement. 
The lower group of points represent samples poled at 100 MVm7!, and the upper 


group samples poled at 200 MVm™!, with poling times ranging from 50 seconds 


‘to 3 hours. The average ratio of dp to Py is 0.478 ukKPa~!, with a sample standard 


deviation of 0.0157. Dropping the single most deviant datum (which also represented 
the lowest activity). the average ratio is 0.474 ukPa~!, with a sample standard 
deviation of 0.0081. These ratios, are in good agreement with the predicted valuel 
of 0.5 ukKPa~!. It must be noted, however, that sbsequent poling was done at 
much higher fields. Virtually identical values of pyroelectric activity were 
obtained by measuring charge as by measuring current. 

The breakdown data for aluminum-electroded samples is shown in figure 2; 
most of the data fiz. a straight line with a slope of 100 MVm™! per time decade. 
At the lowest field strengths there is an upwarau deviation, as would be expected, 
but the testing was not continued to fields low 2nough to closely approach a 
vertical asymptote (limit of time dependence). A common line seems to fit the 
data for both air-poled and oil-poled samples, aithough the later appear to have 
a slightly rdwger time to breakdown at the same field. Above 420 MVm~! breakdown, 
even under oi], appeared to be instantaneous, probably occurring in most cases 
before the nominal voltage was reached. Subsequent poling of other samples for 
fixed times shorter than the breakdown times of figure 2 resulted in some rapid 
breakdowns at fields below 420 MVm7!, perhaps due to contamination of the oi] 
from previous breakdowns or from exposure of the oil to the air. Improved Pena 


Such as oi1 degassing, or the use of a more suitable type of oil, may extend 
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the straight portion of figure 2 to higher fields or at least provide better 


| consistancy. 

A number of samples with electrodes of metals other than aluminum were poled 
| to breakdown in air at 300 MVm™! . The results are shown in figure 3, which is 
an enlargement of the area outlined near the center of figure 2. Four aluminum- 
electroded samples were also poled to breakdown at this field, all of which, 


including one poled in oil, had unusually short breakdown times. There appears 


to be too much scatter to generalize about these electrode differences with regard 
to breakdown time. With regard to current during poling, however, the results 


are more conclusive, .as shown by figure 4. As the field was first applied there 


was a large current which gradually dropped to an almost constant value, which 


is plotted in Figure 4, before gradyally rising monotonically until breakdown 


occured. The curren*s at breakdown and at fixed intervals after applying the 
| field were also noted, but did not provide any more precise prediction of time 
_ to breakdown than does figure 2. Comparing work-functions!® with the ordering 
of metals in figure 4, the higher currents corresrond to the larger work-functions, 
except for gold which is badly out of sequence (but which does not bond well to 
PVDF). Superimposed on the slowly varying current were small and very narrow 
| spikes, usually positive but frequently negative. The frequency (average spacing) 
| of these spikes was reduced when poling in oil, so they are presumed to be associated 
with corona from exposed leads; this has not been studied, however. 

The Riese lectrte activity as a function of field strength of samples poled 
(generally) for times shorter than those of the curve in Figure 2 are shown in 
figures 5 and 6, the latter using decibel notation (20 Tog oPy) of arbitrary 
reference (0 dB: 1 yCK 1m 2) a provide a better indication of the significance 
of activity differences. The decibel increments should be the same for piezo- 
| electric and pyroelectric activities. There is a discontinuity between data 


for air-poled and oil-poled samples, probably as a result of a smaller temperature 
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rise in 01] due to heating of the sample by the poling current. Considering 


| separately the data above and below this discontinuity, there appears to be no 


abrupt saturation of activity with field in figure 5, although, as shown by 

figure 6, the relative increase in activity due to pdling above 250 MVm™+ is 

only about 3 dB, and may not be large enough in many applications to compensate 
for the problems of poling at higher fields. The highest-field sample (550 MVm7!) 
experienced almost continuous breakdown, reducing the average poling field below 
the nominal value for most of the poling time; this may account for the relatively 
small increase in activity relative to 500 MVmz! Breakdowns in other samples 

were generally isolated and probably caused little deviation from nominal conditions, 
especially for poling times of 100 seconds or more. The pyroelectric activity o* 
these same samples as a function of poling time is shown in figures 7 and 8, the 
latter using decibel notation. As with field, there appears to be no abrupt 
saturation with time although at 100 MVm~! and above there is less than 1-dB 
Change in activity frr each decade of poling time. At the highest fields, a 
scarcity of data and possible errors due to breakdowns preclude generalization. 

By interpolation and extrapolation from the (unsmoothed) activity dependence 
plots, constant activity values were derived and combined with the breakdown curve 
(with extrapolations: of figure 2 to produce figures 9 and 10. (Values derived 
from extrapolations are connected by broken lines). of Significance here are che 
intersections betwee1 the breakdown curve and the constant-activity curves. It is 
readily apparent that. the highest activity is obtained at the highest fields, even 
though poling time may be severely limited by breakdown. The optimum poling 
conditions and the maximum obtainable activity depend upon the highest field strength 
that can be reached without an "instantaneous" breakdown and which, in turn, depends 
upon the precautions taken to prevent external flashovers that seem to initiate 
breakdowns. For the particular breakdown curve shown, with the "instantaneous" 


breakdown limit a vertical line, optimum poling time would be about 100 seconds, 
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since the small slope in the constant activity lines reduces the activity by a very 
Slight amount for shoiter poling times along the (vertical) limiting portion of the 
breakdown curve. For practical applications one may wish to avoid breakdown damage 
by poling outside the breakdown region by a reasonable safety margin. Pyroelectric 
activities approaching 30 uwCK~!m-2 without breakdown appear to be possible. (In 
oil, Py > 30 CK7!m~2 was actually obtained with 400 MVm-! for 10 s, and in air, 

Py > 29 uCK-1m-2 was obtained with 250 MVm™! for 10"s.) If breakdown damage can be 
tolerated, as when damaged areas can be trimmed off, even higher activities are 


possible. (py > 36 uCK-'m-* was obtained with 550 MVm~! for 10 s, in oi1, although 


damage was extensive, and py > 35 uCK~!m-2 was obtained with 450 MVm7! for 100s, in 


0i1, with only one sniall hole). 


Theory predicts! a linear dependence of pyroelectric (and piezoelectric) 
activity on remnant folarization. “In figure 11, pyroelectric activity has been 
plotted against the total irreversible poling charge, i.e., the net charge that 
had passed through tne external electrodes of the sample after the poling field 
had been reduced to zero and after the current transient had disappeared. This 
represents the remnart polarization plus the integral of the leakage current and 
instrumentation (error) currents. For many samples, this charge was not determined 
due to saturation of the first (current-to-voltag2) stage of the current and chavge 
meter by transients during either turn-on or turn-off of the poling supply, or to 
saturation of the integrator. When breakdowns occured, a correction was made for 
charge lost is (RS case). Because of scaling 2roblems and the need to avoid 
Overload, the accuracy of the poling charge measurement was frequently poor, even 
neglecting error currents. It may be seen from figure 11, however, that the 
activity of the samples poled at low-fields is reasonably proportional to charge. 
Notable exceptions include a 200 MVm~! sample where a poling time of 10* seconds 
may have allowed a sizable charge accumulation from error currents. The other | 


badly deviant samples were all poled at 300 MVm™! and above, and all experienced 
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breakdown. Total current, however, was not visibly changed by breakdowns, following 
| recovery, and a correction was made for any charge disturbance, as has been mentioned. 
_ Large error currents should result in a clear separation of points by poling time (and 


by field, for large leakage currents) but there is only slight evidence of such separation. 


CONCLUSIONS 

High pyroelectric and piezoelectric activity can be obtained with biaxially 
| stretched PVDF by poling fully-electroded samples at room temperature using 5 
sufficiently high field. Time-to-breakdown and constant-activity plots can be 
used to optimize activity while avoiding or minimizing breakdown damage. Highest 


activity at other poling temperatures and for other materials can be obtained 


in similar fashion -- py determining the time and “ield dependence of both activity 
and breakdown. ; 

For the:particular material investigated, poling at room temperature does 
not yield a hard saturation of activity with either field or time, although ther: 
is little practical benefit in using either the highest fields or the longest 
times. The lack of hard saturation may-be due to the gradual alteration in crystal 


packing of TGTG* polymer chains from antipolar form II (a-phase) to polar alignment, 


as recently proposed? and perhaps at the highest field to a conversion the all-trans 


polar form I (S-phase). 


There is no evidence that breakdown per se aiters sample activity outside 


the Praged area, but it does limit both the field and the poling time. 

Although rcom temperature is particularly convenient for poling, and may 
have commercial importance in the large-scale production of poled material or 
in the fabrication of large "monolithic" transducer arrays, etc., higher activity 
may be attainable at some other temperature, although it has yet to be demonstrated 
that the improvement would be significant. A determination of the long-term 
Stability of activity as a function of poling conditions would probably be more 


| important than a small improvement in initial activity. Higher activity might 
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be obtained by the use of much shorter poling times, which may allow higher 
fields to be applied. The large current needed to rapidly charge and discharge 
a sample of reasonable area, however, presents experimental difficulties. Finally, 


the dependence of activity on electrode material needs to be better understood. 
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FIGURE CAPTIONS 


Figure 1. Determination of the ratio between hydrostatic piezoelectric activity 


and pyroelectric activity for samples poled and measured at room 


temperature. 


Figure 2. Time to breakdown as a function of field strength. 


Figure 3. Enlarged portion of figure 2 with added data for samples electroded 
with Pcie metals, as shown, and poled in air. 

Figure 4. Minimum pcling current density as a function of poling field. 

Figure 5. Pyroelectric activity as a function of poling field with poling 
sine <5 a parameter. 


wv 


Figure 6. As in figure 5, but with the pyroelectric activity expressed in 


decibels. 

Figure 7. Pyroelectric activity as a function of poling time (on a log scale) 
with poling field gee parameter. 

Figure 8. As in Figure 7, but with the pyroelectric activity expressed in 
decibels. 


| Figure 9. Constant pyroelectric activity curves, taken from figures 5 and 


7, and breakdown, taken from figure 2, as functions of poling 


Figure 10. As in figure 9, but using pyroelectric activity expressed in 


| : field and poling time. 
| 
| decibels taken from figures 6 and 8. 


| Figure 11. Pyroelectric activity as a function of poling charge density. 


| 
| 


} 


eae 


< is : WT i" 
sotbyd negweed offey ef? 6 nots ent mate 
, Ss) ne - 7 


<j volomee ‘vo? yi tebtos ofeos feo ies 


’ 


fot? Yo nottonu? 5 26 awobsaewd Gye 


2d om 


4 : gui Yo nokivoq Dapamias 
-" , tiwon ah, eTetom 2u0 rv BY ; 
ae P 

stansb Ingioua enthag 
oftonut « 26 WWivieos Shee 
. ae a r) u 

stan sq 6 2a oe 


Py i mogtvo art 7 a) rm wi TU d r - ewipt? 


:] 


169 8 26 BIBIT prt oq. i 
ory att atte god yk sage nt 
2 (ede 

YA kbar. sivtoetsorneg Jnegi 

19557 eitihe wrt bones 

anrd prt . eq bits, i 9 


tud .@ sul? 


Figure 1 


15 


> ] 
= 
-NOd - ALIAI 


| Lg) 
LOW DIHLOAISOZAld 


20 


10 


w 
O 
a 
> 
- 
O 
= 
= 
cc 
= 
O 
Li 
ad 
Ld 
O 
o 
> 
QO. 


| cam tag 


a 
VTIVITOA DIRTOSIORY! 


a 


pe ee 


Figure 2 


10° 
-71 WEEK 
10° 1 DAY 
2 LIMITS OF 
> EXPANDED 
= CHART 
aa 
| vj 10° roe Vl 
| : 1 
| = | 
ra ’ 
¥ | 
1 U 
rd 
o 410° L 
© 
- 
LL 
= 
= 
10? O- POLED IN AIR 
A- POLED IN OIL 414 MINUTE 
5 25 pm PVDF 
23% °C 
10 = 
0 100 200 300 400 500 


POLING FIELD - MVm“ 


4 


—— Te 


hea 


10* i , 1 Batre 2!) | | Figure 3 


O 
O 
(7p) 
a A 
a 
vo) 
© 
el \ 
if te) 
a 1 
= HOUR 
ro) 
5 GOLD 
; —GOLD 
Lu 
cc 
~m 
Oo —GOLD 
:, CHROMIUM 
s O- POLED IN AIR 
_ A- POLED IN OIL COPPER—_.. \ 
25 pm PVDF CHROMIUM \ A 
23% °C TIN CHROMIUM 
ALUMINUM ELECTRODES i WOVE EES. 
EXCEPT AS INDICATED ~—COPPER 
2 GoLp 
a 6 TIN 
@—COPPER 


200 220 240 £4260 #4«©280 ~@&# 300 320 340 
POLING FIELD - MVm™ 


Ficure 4 


500 -— 


SS /\ 
= copper=23 
a. git A 
> tA 
2 ig @ c 
b= 2 
2 < 
r-- (a 
= O 
2 ® 
9 A 
a — SLOPE = 4.4 
Oo 
a. 
= 
= O 
Pa 
= O © POLED IN AIR | 
b A POLED IN OIL 
ud 25 pt{m PVDF 
23% °C 
OF ALUMINUM ELECTRODES 
EXCEPT AS INDICATED 
5 | . | 
100 200 500 1000 


POLING FIELD - MVm-~*t 


= ae ; “ oe | - a ae - 
TUSAAUS OVLICF 


- ; me Piet J 


ys > . oe my 
TISHsC 


PYROELECTRIC ACTIVITY - »CK~'m”’ 


30 
25 
20 |- 


15/7 


10 


10° B - BREAKDOWN 
2 ans 25 um PVDF 
ee 23% °C 
9 10° V 
> LU 
2402 | 
10 ¢ 


Figure 5 


POLED IN OIL : 
AB >—~B 
B 


are 
L+POLED IN OIL 


100 200 300 400 500 600 


POLING FIELD - MVm“ 


-_ © 
ba) 
; 3 
ia 


Figure 5 | 


— POLED IN OIL 


! =O B 
si - py ee ee ~ 
a = iS 
Ze 2 L+ POLED IN OIL 
; Y @ 

ix Sik 

¥ 

© 

= 

= = A 

© 20 ae, = 

id a) : 

mar 

Lu 

oo “os 

me 

a ai © 

Q : 

Ee 10° ¥y 

= 10 

F n 

© 

= 2 

ae: 

o Li 

5 = 

= 

Lu 1074 

° B - SREAKDOWN 
z 25 1m PVDF 

oF - 2342 °C 


0 100 200 300 400 500 600 
POLING FIELD - MVm“™ 


a aa ; _ = 


aca O - POLED IN AIR 
B 500 A B 450 A- POLED IN OIL 
B - BREAKDOWN 


a 400 .B a ys : 


30 : B 350~ 
B 250 

= 200 
y 25 
* il 
ee 
> 20I- 
few = 
© 
<x 
0 | 
= 15|/ 
© 
Lu 
onl 
Li 
fe) | 
[om : 
A 10 100 MVm"* 

5 

| 25 pm PVDF 
23% °C 
1) = | | | 
10 102 10? 10* 10° 10° 


POLING TIME - SECONDS 


lll 


Figure 7 


% 


2, 
. 


_) - i ae 


Figure 8 


£ 

¥ 

© 

= & 

© 100 MVm" 

2 2) 

= 

Lu 

a 

© 

Lu 

AQ 

> 

a 

© 
< | 
o | 
c 

= 

(Ss) 

u 

am © - POLED IN AIR 

° A- POLED IN OIL 

ra B - BREAKDOWN 

25 pm PVDF 
23% °C 
10 102 10? 10* 10° ~— 108 
POLING TIME - SECONDS 


POLING TIME - SECONDS 


Figure 9 
10° 
1 WEEK 
O-POLED IN AIR . 
A- POLED IN OIL 
25 pm PVDF 
1 0 
10° = alles -1 DAY 
10+ 
1 HOUR 
RS 
YY 
% 
oO 
10° Vs 
. -2 
q RoerCk m 
\! 
t 
i 
34 36 
102 A 4 nA 
\ 
, 1 MINUTE © 
I \ 
mM \ 
- 
51101520 25 28 30 30) 32| 4 \34 \36 
10 ee‘e- 8 i oe ‘\ A A A 
0 100 200 300 400 500 600 


POLING FIELD - MVm"™ 


> 
ee 


a 


ViIOF = 


. 
t 
rf 
O—)—-—-O- 
a3 Cc? 


ww te 
“ya 
J 


“ 

— 

ry 
* ee 


—ian_ 2 


Figure 10 
10° 
O- POLED IN AIR ali ot 
A- POLED IN OIL 
25 pm PVDF 
23% °C 
10° 1 DAY 
: 
DP 
| a 
2 
| & 10° 
1 © 
) Li 
~* 
te 1 HOUR 
| Lu 
- 
@ 
= 10° 
| ol 
re) 
| $5 
102 
1 MINUTE: 
10 698c5 59 meme =, A \ : 
0 -100 200 300 400. 500 600 


POLING FIELD - MVm“™ 


“0 
qg3Jo4% 


| 0ajOS 


r 
iva (risy OS 
3¢1V f 


“hh 


? 


i@ 


PYROELECTRIC ACTIVITY - » CK"’m™ 


Figure 1] 


450 B 
ee A 
© 450 B 
4000/ 7300 B 
30 350 350 BV. 
| - 300,/A A300 6 | 
B/ 9300 B 
7 gy 200 
— 2500 
| SLOPE = 3x 10°K" 
op 2000 
SLOPE = 4x 10K" 
15 
© 10 SECOND 
10 Aj 150 | Am ” 
J 15:0 v107 ” 
| 010° ” 
25 pm PVDF 
/ 100 : 231% °C 
[ 100 
oF 100 
0 50 100 150 200 250 


POLING CHARGE DENSITY - mCm-2 


ae ne ee 


Se 


10. 


oe tta— 


REFERENCES 


M. G. Broadhurst, G. T. Davis, and J. E. McKinney: Piezoelectricity and 
pyroelectricity in polyvinylidene fluoride - a model. J. Appl. Phys. 49, 

4992 (1978). 

P. D. Southgat2: Room temperature poling and morphology changes in pyroelectric 
polyvinylidene fluoride. Appl. Phys. Bett. 28, 250. (1976). 

G. T. Davis, Te E. McKinney, M. G. Broadhurst, and S. C. Roth: Electric-field- 
induced phase charges in poly(vinylidene fluoride). J. Appl. Phys. 49, 

4998 (1978). 

N. Murayama, T. Oikawa, T. Katto, and K. Nakamura: Persistant polarization 

in poly(vinylicene fluoride), IL.Piezoelectricity of poly(vinylidene fluoride) 
thermoelectrets. J. Polymer Sci., 13, 1033 (1975). 

Re J. Siford, A. F. Wilde, J. J. Ricca, and G. R. Thomas: Characterization 
and piezoelectric activity of" stretched and poled poly(vinylidene fluoride). 
Part I: Effect of draw ratio and ties ati eigees Polymer Eng. & Sci. 

16, 25(1976) ; 

G. W. Day, C. A. Hamilton, Le L. Peterson, R. J. Phelan Jr., and L. O. Mullen: 
Effects of poling conditions on responsivit: and uniformity of polarization 

of PVF, pyroelectric detectors. Appl. Phys. Letter. 24, 456 (1974). 

We R. Blevin: Poling rates for films of po’yvinylidene fluoride. Appl. Fhys. 
Letter. Bu, 6,.(1977). 

E. J. Sharp ana L. E. Garn: Effects of aging on thermally stimulated currents 
in poly (vinylidene fluoride). Appl. Phys- Lett. 29, 480 (1976). 

M. G. Broadhurst, C. G. Malmberg, F. I. Mopsik and W. P. Harris: Piezo-— and 


- pyroelectricity in polymer Electrets. Electrets, Charge Storage and Transport 


ain Dielectrics, M. M. Perlman, ed., Electrechem. Soc., Princeton, N. J. 


492-504 (1973). : 
Handbook of Chemistry and Physics, 47th ed., Chemical Rubber Co., Cleveland, 
Ohio, E67. 


borowt’ » 
toe | ra ico ate 
ul ornicul a 


472:GAN:716:tam | 


78u472-608 


“TECHNICAL REPORT DISTRIBUTION..LIST, GEN 


his 
) 


ce of Naval Research 


offi 
Fi North Quincy Street 
Arlington, Virginia 22217 


Attn: Code 472 
‘ 


QNR Branch Office 

$36 S. Clark Street 
Chicago, Illinois 60605 
Attn: Dre George Sandoz 


WR Branch Office 
715 Broadway 
New York, New York 10003 
Attn: Scientific Dept. 


ONR Branch Office 

1030 East Green Street _ 
Pasadena, California 91106 
Attn: Dr. Re Je Marcus 


‘ONR Area Office 

One Hallidie Plaza, Suite 601 

San Francisco, California 94102 
‘Attn: Dr. P. A. Miller 


ONR Branch Office 

Building 114, Section D 

666 Summer Street 

Boston, Massachusetts 02210 
Attn: Dr. L. H. Peebles 


Director, Naval Research Laboratory 
Washington, D.C. 20390 
Attn: (Code 6100 


} 

The Assistant Secretary 
of the Navy (R,E&S) 
Department of the Navy 

Room 4E73€, Pentagon 
Washington, D.C. 20350 
| Commander, Naval Air Systems Command 
Department of the Navy 

Washington, D.C. 20360 

| Attn: Code 310C (H. Rosenwasser) 


2 


| 


1 


FL Dal Sa i Mada aa nn SS 


i: aaa 
Copies” 


Defense Documentation Center 
Building 5, Cameron Station 
Alexandria, Virginia 22314 


U.S. Army Research Office 
P.O. Box 1211 

Research Triangle Park, N.C. 
Attn: CRD-AA-IP 


Naval Ocean Systems Center 
San Diego, California 92152 
Attn: Mr. Joe McCartney 


Naval Weapons Center 

China Lake, California 

Attn: Dr. A. B. Amster 
Chemistry Division 


93555 


Naval Civil Engineering Laboratory 
Port Hueneme, California 93401 
Attn: Dr. R. W. Drisko 


Professor K. E. Woehler 
Department of Physics & Chemistry 
Naval Postgraduate School 
Monterey, California 93940 


Dr. A. L. Slafkosky 

Sciencific Advisor 

Commandant of the Marine Corps 
(Code RD-1) 

Washiugton, D.C. 20380 

Office of Naval Research 

800 N. Quincy Street 

Arlington, Virginia 22217 

Attn: Dr. Richard S. Miller 


Naval Ship Research and Development 


. Center ° 
Annapolis, Maryland 21401 
Attn: Dr. G. Bosmajian 

Applied Chemistry Division 


Naval Ocean Systems Center 

San Diego, California 91232 

Attn: Dr. S. Yanamots, Marine 
Sciences Division 


27709 


No. 
Copies 


12 


a ee 


os 


met: Off MAD CTA 


SOd—S Tt Aust 


. \ 
roo 
es 


ee % 


as 


‘108 4 


eS id SAD ed 


™~ 
as 


nolan dremyaet sane ted 
Je nowsmed .2 gnbblbull | 
ainigri¥  sivigaeetA 


< 


a 
rete 
7 \ 


VISIO GCItestad verk Lee 
ifci *oa 0." 
jovneeal 


ie Poy on Cf 
4a & 


Sind) amejevé passat Lavell. 
e corrolifs) ,osead eae 
YecsIre034 ool  oeN” eeaee: 

avail 


relma) anowsed 


r rroliie) , stb? inca 
TolamA 6S oh 63h passe 
OLeivid vartukmeds: . * 
ty 
gniiteenirgnrs lavgd iavell 
stazolits> . emsasult Irot 
o#arid WT sath” eee 
rol GgoW .3 10 sogastos? 
0d esteeds 24 todd raged 
100026 steobainjec? Invalt 
Ce skoxettiad ‘Vote snow 
yWeortiele al vA a a 
0 ei vbA 122 ete tsa 
Tah Sy Yo t2oabhamod 
(ieG@a shed) 
j Oe | 


HOigvideaW 


MITESCoe Iavek Jo eats 
‘Drkoe uM O08 
/ rotget ick a: 
Te35R. 


& git? Level 

(oto8D pe 
Feivi18M , ah logeaad. 
RLF ereod .) eal ressh 
(GC vy3esed> boisaqa 


4 POE BOFave 


. 7? & 
Lhe s Ig 


. Le S27 7¢ ti Leo 4 aga td ane 


rah. ctomeomeyY ve wet rash: ‘aA | 


AOLSEVIG appae tse 


Choseyt nad, Lovell ‘eee 


¥ 


472:GAN:716:tam 
78u472-608 


TECHNICAL REPORT DISTRIBUTION LIST, 356A 


No. 
Copies 
Dr. Stephen H. Carr 
Department of Materials Science 
Northwestern University 
Evanston, Illinois 60201 1 
Dr. Me Broydhurgt 
Bulk Properties Section 
National Burkdu of Standards 
U.$. Departmgyt of Commerce 
Washington » 20234 2 
Dr. T. A. Litovitz 
Department of Physics, 
Cathclic University of America 
Washington, D.C. .20017 x 1 
Dr. Ro V. Subramanian 
Washington State Univercity 
Department of Materials Science 
Pullman, Washington 99163 1 
Dr. M. Shen 
Department of Chemical Engineering 
University of California 
Berkeley, California 94720 1 
Dr. V. Stannett 
Department of Chemical Engineering 
North Carolina State University 
Raleigh, North Carolina 27607 1 
Dr. D. Ro Uhlmann 
Department of Metallurgy and Material 
Science 
enter for Materials Science and 
Engineering 

Massachusetts Institute of Technology 
Cambridge, Massachusetts 02139 1 
Naval Surface Weapons Ceater 
White Oak 
Silver Spring, Maryland 20910 
Attn: Dr. J. M. Augl 

Dr. B. Hartman 1 
Dr. S. Goodman 
Globe Union Tncorporated 
9757 North Green Dey Avenue 
Milwaukee, Wisconsin 53201 1 


Picatinny Arsenal 

SMUPA~FR-M-D 

Dover, New Jersey 07801 

Attn: A. M. Anzalone 
Building 3401 


Dr. J. K. Gillham 

Princeton University 
Department of Chemistry — 
Princeton, New Jersey 08540 


Dougles Alrerart Co. 
3855 Lakewood Boulevard 


Long Beach, California 90846 


Attn: Technical Library 
Cl 290/36-84 
AUTO-Sutton ‘ 

Dr. E. Baer 


Depart:ment of Macromolecular Science 


Case Western Reserve University 
Cleveland, Ohio 44106 


Dr. K. D. Pae 

Department of Mechanics and 
Materials Science 

Rutgers University 

New B:runswick, New Jersey 08903 


NASA-Lewis Research Center 

21000 Brookpark Road 

Cleveland, Ohio 44135 

Attn: Dr. T. T. Serofini, MS-43-: 


Dr. Charles H. Sherman, Code. ED red 
Naval Underwater Systems Center 
New London, Connecticut 


Dr. William Risen 
Department of Chemistry 
Brown University 
Providence, Rhode Island 02192 


° 


Dr. Alan Gent 
Department of Physics 
University of Akron 
Akron, Ohio 44304 


No. 
Copies 


Hi 


or 
a 
rte 
. 
4 
ww 
+ 


luctmoté vyarisens@ 


d-M-R4-AGUMB.. 


YSts oh War 


.sevod 


olsanA .M LA: tegee 


er aa 


IO) sda 10 


IoV i nv o379 wh Be ly 
| To shootreaqsd 


D S16¢vorTA Os gue 


reluodt booweted 2288: 
S211090., dosed ‘oned 


| fastedoaT: Tasgk 
s€ \Oek ie 
uR-OTU 


rosh_ <9 .a 

128k 76 Inestivaget 
| qisteeh eked 
bas iavel? 


2 te i > | a 
tres gaged 


oi52 elelyegalt | 


wert ,tivenred wal 


Pain 


P 


190 biweteAPAm 
eqihort, GOOLE 


iQ ONS. eV aa 
- % 
a q RI3A 


NX aoleedd i340 
é burl lav Hf 


oD ,~ehbed: welt 


cn merlin’ .2 


inenireqed 
‘Leisvial worl 
ehior i a 454) { voxrd 


ined ala 2 


4 to tiherveqed 
NA Ret a beraviw 
SOT Hs Oo iQ a) moet 


‘ 
wold ) codene ere 


Pou @3 Sgiuk, 


‘Mr. Robert W. Jones 
“Advanced Projects Manager 
‘fughes Aircraft Company 
‘Mail Station D 132 


‘Culver City, California 90230 


‘Dr. Ce Giori 

JIT Research Institute 
10 West 35 Street 

Chicago, Illinois 60616 
Dro Me Litt 

Department of Macromoiecular Science 
Case Western Reserve University 
Cleveland, Ohio +410)- 


| Dre Re S- Roe ‘ 
Department of of Mate:rials Science 
and Metallurgical Engineering 
University of Cincinnati 
Cincinnati, Ohio 45221 


Dr. Pe Be Smith 

U.S. Department of Commerce 
National Bureau of Standards 
Stability and Standards 
Washington, D.C. 20254 


Dr. Robert E. Cohen 

| Chemical Engineering Department 
Massachusetts Institutze of Technology 
Cambridge, Massachusezts 02139 


Dr. David Roylanec. 

Department of Materia's Science and 
Engineering 

Massachusetts Institute of Technology 

Cambridge, Massachusetts 02039 


Dr. T. P. Conlon, Jr., Code 3622 
Sandia Laboratories 

Sandia Corporation 

Albuquerque, New Mexico 


Dr. Martin Kaufmann, Head 
Materials Research Branch, Code 4542 
Naval Weapons Center 


China Lake, California 93555 


No. 


| Copii: es 


‘Dr. J. 


» 472:GAN:716:ta- 


78u472-508 


| TECHNICAL REPORT DISTRIBUTION LIST, 356A 


Dr. Ts J. Reinhart, Jr. Chief 
Composite and Fibrous Materials Branch 
Nonmetallic Materials Division 
Department of the Air Force 

Air Force Materials Laboratory (AFSC) 
Wright-Patterson Air Force Base, Ohio 


Lando 

Department of Macromolecular Science 
Case Western Reserve University 
Cleveland, Ohio 44106 


Dr. J. White 

Chemical and Metallurgical Engineering 
University of Tennessee 

Knoxville, Tennessee 37916 


Dr. J. A. Manson 
Materials Research Center 
Lehigh University 
Bethlehem, Pennsylvania 18015 
Dr. R. F. Helmreich 

Contract RD&E 

Dow Chemical Co. 

Midland, Michigan 48640 


Dr. R. S. Porter 

University of Massachusetts 

Department of Polymer Science and 
Engineering 

Amherst, Massachusetts 01002 

Professor Garth Wilkes e 

Department of Chemical Engineeriag 

Virginia. Polytechnic Institute and 
State University 

Blacksburg, Virginia 24061 

Dr. Kurt Baum 

Fluorochem Inc. 

6233 North Irwindale Avenue 

Azuza, California 917062 


o 


Professor C. S. Paik Sung 

Department of Materials Sciences and 
Engineeés (r.13 

Mézssachus Sascitute of 

Cambridge, Massachusetts 


Technolosy 
02139 


EES 


4543. 


S2708 UT Shae 


AdtE . Ter 


zr a tales all Py >. a 
‘eM OFS iegeenet. 

Oo invedTeqed 

22 70T EA 
1833 e%°Sagigl 


obe t Pe i! F 

IrHqe 
see.) 
on level? 


156 GC oe 
ne Inosioedd 
i eIovtigl 

ligaogll 


ry svieM «+ « 9@ 
i 929% eleizagell 
fjlereviel dpiaes 

. dol "see 


tT & 
oa Jnaod 
4) iaedD vod 
fe Be » beal bin 


376% et ee 
avi AJ 
come zaq90 
wiiads 
davectaA 


nf 3 +¥7I 

® ad 

orz¥ 
tAI3 


dan sald 


vel Ja). 
26%Ou iT 

bury ah ELS 
tay ,aeusdA 


> 200 gehort 
was seqee 
nad gad. 
«ll peudsnamalt” 
sabizdasy 


